Proteins carry out the most difficult tasks in living cells. They do so by interacting specifically with other molecules. This requires that they fold to a unique, globular conformation that is only marginally more stable than the large ensemble of unfolded states. The folded state is stabilized mainly by the burial and tight packing of over 80% of the peptide groups and non-polar side chains. If life as we know it is to exist in a solvent other than water, the folded state must be stable and soluble in the new solvent. Our analysis suggests that proteins will be unstable in most polar solvents such as ethanol, extremely stable in nonpolar solvents such as cyclohexane, and even more stable in a vacuum. Our solubility studies suggest that protein solubility will be markedly lower in polar solvents such as ethanol and that proteins will be essentially insoluble in non-polar solvents such as cyclohexane. For these and other reasons it seems unlikely that the life we know could exist in any solvent system other than water.
INTRODUCTION
Proteins do the most demanding jobs in living cells. To do so, they must interact specifically with other molecules. This requires that the polypeptide chain fold to a unique, globular conformation that we will call the native state of the protein and denote by N. This is the structure that can be determined in crystals by X-ray crystallography or in solution by NMR. The native state is only marginally more stable-generally 2-10 kcal mol Ϫ1 under physiological conditions-than the large ensemble of unfolded states that we will call the denatured state of the protein and denote by D. We can represent the equilibrium between these two macrostates as N ↔ D (1.1) and define the conformational stability of a protein as
where [D] and [N] represent the concentrations of D and N, G D and G N represent the free energies of D and N, and K and ⌬G are the equilibrium constant and standard free energy change, respectively, for equation (1.1). Several methods are available for measuring the conformational stability of a protein or the difference in stability between the wild-type protein and a variant differing by a single amino acid (Pace & Scholtz 1997) . RNase Sa is a small globular protein in the microbial ribonuclease family. Figure 1 shows a schematic of the folding of RNase Sa. Much of our laboratory information about proteins has come from studies of RNase Sa so we will use it as an example in this article (Takano et al. 2003) . The crystal structure of the protein has been determined at 1.0 Å resolution by Sevcik et al. (2002) and a solution structure has been determined using NMR by Laurents et al. (2001) . In addition, the pK values of the ionizable groups were recently measured (HuyghuesDespointes et al. 2003; Laurents et al. 2003) . Two other members of the microbial RNase family have been studied in detail: RNase T1 (Pace et al. 1991; Steyaert 1997; Giletto & Pace 1999 ) and barnase (Hebert et al. 1998; Khan et al. 2003) .
It is clear that if life as we know it is to exist in a solvent other than water two important conditions must be met: first, the native state of the protein must be favoured, that is, the conformational stability must be 2-10 kcal mol Ϫ1 in the new solvent; and, second, surely N, and perhaps D, must be soluble in the new solvent. First, we will summarize what is known about the structure, stability and solubility of the N and D states in water. Next, we will consider what happens to the structure, stability and solubility of a protein in a vacuum, in a non-polar solvent such as cyclohexane and in a polar solvent such as ethanol.
THE NATIVE STATE
Figure 2 is a schematic of protein folding from Tanford (1962) . It illustrates two key points: first, when a protein unfolds, many peptide groups and side chains that are buried in N become exposed to solvent in D; and, second, there may be pockets of structure in D. Table 1 shows that 83% of the most non-polar side chains and 82% of the peptide groups are buried in N (Lesser & Rose 1990) . Consequently, these are the most important groups that become exposed to solvent when a protein unfolds. We A ribbon diagram based on a 1.2 Å resolution crystal structure determined by Sevcik et al. (1996) is used to illustrate (a) the native state (N), and (b) the amino acid sequence is used to represent the denatured state (D). The difference in free energy between these two states defines the conformational stability of the protein (equations (1.1) and (1.2)). At pH 7, the conformational stability of RNase Sa is 6.1 kcal mol Ϫ1 and the melting temperature T m = 48.4°C. When the single disulphide bond is broken, the protein still folds, but the conformational stability is lowered by ca. 5 kcal mol Ϫ1 and T m = 28.4°C (Pace et al. 1998 ).
Figure 2. Schematic of protein folding (Tanford 1962) . This illustrates that many of the groups buried in the native state are accessible to solvent after the protein unfolds. Table 1 shows that the groups exposed to solvent after unfolding are mainly peptide groups and non-polar side chains. Table 2 lists the free energy of transfer, ⌬G tr , for peptide groups and a non-polar leucine side chain from water to various solvents. By considering these data it is easy to see why urea and GdnHCl are protein denaturants and why trimethylamine oxide (TMAO) and sarcosine are protein stabilizers (osmolytes).
will be interested in how much each of these contributes to the stability of the protein. In addition, 1.1 intramolecular hydrogen bonds are formed per residue when a protein folds (Stickle et al. 1992) . The non-polar side chains and peptide groups that are buried in the folded protein are tightly packed. This is illustrated in Lesser & Rose (1990) . b Stickle et al. (1992) . 
a Pace (1975) ; Liu & Bolen (1995) . b Bolen & Baskakov (2001) . c Nozaki & Tanford (1971) . d Radzicka & Wolfenden (1988) . e Privalov & Makhatadze (1993) .
protein. On this basis, Klapper (1971) concluded 'the protein interior contains little space and is closer to a solid than a liquid'. As discussed below in § § 5c,d, we think this feature of protein structure is of crucial importance to protein stability. Klapper (1971) . Kajander et al. (2000) .
As globular proteins become larger, they must bury a greater percentage of their residues. This is illustrated by the results in table 4, which show, surprisingly, that when proteins become larger there is a larger increase in the burial of charged groups than for any other type of group. The authors suggest that this may be an approach that evolution uses to keep proteins from becoming too stable (Kajander et al. 2000) . However, for both smaller and larger proteins, the groups most likely to be accessible to solvent on the native state of a protein are the charged groups. The proportion of the surface that is composed of charged side chains is the most important determinant of the solubility of a protein (Malissard & Berger 2001) .
THE DENATURED STATE
Since the first high-resolution crystal structures became available in the early 1960s, our detailed view of the structure of the native states of proteins has increased greatly, but the broad view has not changed. By contrast, our understanding of the denatured state has changed over the years and is still in a state of flux (Eisenberg et al. 2002; Shortle 2002 ). Tanford's group carried out the first careful studies of the denatured states of proteins and concluded that proteins approach a randomly coiled conformation in 6 M GdnHCl with their disulphide bonds broken (Tanford 1968) . Similar studies reached the same conclusion for proteins in 8 M urea. It was clear to Tanford that pockets of structure might exist, and this was emphasized at the time by polymer chemists (Miller & Goebel 1968) . More recent studies of the denatured state using small-angle X-ray scattering to determine the radius of gyration, R g , or pulsed-field-gradient NMR to estimate the hydrodynamic radius, have reached similar conclusions (Millet et al. 2002 In a recent study, Goldenberg (2003) generated ensembles of the denatured state that were restricted only by the excluded volume of the protein. By comparing his results to experimental data, he concluded that '…the overall properties of unfolded proteins can be usefully described by a random coil model and that an unfolded polypeptide can undergo significant collapse while losing only a relatively small fraction of its conformational entropy ' (p. 1615) . Figure 3 is taken from the Goldenberg (2003) paper and it makes another important point. The effect of excluded volume is to give compact denatured states with R g values much closer to the native protein than to a protein in an extended conformation. Nevertheless, the solvent accessibility of the denatured state ensemble is much closer to that of a protein in an extended conformation than to that of the native protein. The fact that the conformational entropy and solvent accessibility are both high for compact denatured states is important in understanding protein stability.
Proteins are unfolded to the greatest extent in urea and GdnHCl solutions, but it is clear that hydrophobic clusters and other native-like structures exist even under strongly denaturing conditions (Denisov et al. 1999) . NMR is beginning to give a clearer picture of the denatured state ensemble that exists under physiological conditions, the denatured state of most interest to us. Choy et al. (2002) have shown that the molecules in the denatured state ensemble are relatively compact, ca. 30-40% larger than the native state. Mayor et al. (2003) studied the denatured state of the engrailed homeodomain and concluded: 'The denatured state had extensive native secondary structure and was significantly compact and globular. But, the side-chains and backbone were highly mobile' (p. 977). It has become clear in recent years that some proteins are unfolded even under physiological conditions and these are referred to as 'natively unfolded' proteins (Uversky 2002) .
SOLUBILITY OF THE NATIVE AND DENATURED STATES
RNase Sa is an acidic protein with an isoelectric pH (pI) of 3.5 that contains no Lys residues. By replacing Asp and Glu residues on the surface of RNase Sa with Lys residues, we created a variant with a pI of 6.4 and a variant (Goldenberg 2003 ). The scale bar shows the fraction of the total population of chains for which the radius of gyration and accessible surface area fall within a given area. Filled circles denote the accessible surface area and radius of gyration for the native protein, denoted N, and the protein in an extended conformation, denoted Ext.
-MVIIA-Gly, -conotoxin MVIIA-Gly; BPTI, bovine pancreatic trypsin inhibitor; RNase A, bovine pancreatic ribonuclease A; ␣TS, ␣-subunit of Escherichia coli tryptophan synthetase.
with a pI of 10.2 . We showed that the minimum solubility of the protein was always near the pI, as has been observed previously (Cohn & Edsall 1943) . We wondered how much lower the solubility of the denatured state would be under the same conditions. To study this, we reduced the disulphide bond in RNase Sa, which lowers the melting temperature so that the denatured state can be studied at low pH at 25°C. The results in figure 4 show that the solubility of the denatured state was too low to measure near the pI. Note that the solubility of native RNase Sa increases sharply as the net charge on the protein becomes either positive or negative. By contrast, a larger charge seems to be needed on the denatured state to solubilize the protein. We also measured the solubility of the thermally denatured protein with the disulphide bond intact at 65°C. The results are shown in table 5. Again, the denatured protein is much less soluble than native RNase Sa, but the solubility is not as low as it was for reduced, denatured RNase Sa at 25°C.
To gain an understanding of how much less soluble a protein would be in non-polar solvents, we measured the solubility of RNase Sa in 20% ethanol where the protein is folded. The solubility is decreased more than 20-fold by the presence of 20% ethanol ( it seems likely that most proteins will be almost completely insoluble in most organic solvents, at least near their pI. Given that all of the constituent groups in a protein are more soluble in urea solutions than they are in water, we would expect urea to increase the solubility of proteins (Qu et al. 1998) . The presence of 2 M urea does indeed increase the solubility of RNase Sa almost sixfold compared with water (table 5).
FORCES STABILIZING PROTEINS (a) Conformational entropy
The major force destabilizing proteins is conformational entropy. Rotation around the many bonds in a protein is much freer in the denatured state than in the native state and provides a strong entropic driving force for protein unfolding. As discussed previously (Pace et al. 1998) , we have used approaches developed by Spolar & Record (1994) and by D' Aquino et al. (1996) to estimate that conformational entropy favours the denatured state of RNase Sa by ca. 165 kcal mol Ϫ1 at 25°C. We will now consider the forces that are most important in stabilizing the native state. (b) Charge-charge interactions and salt bridges The charges on the surface of proteins are generally arranged so that there are more attractive than repulsive interactions near neutral pH (Karshikoff & Ladenstein 1998) . Consequently, these electrostatic interactions will generally contribute favourably to a protein's stability. Nevertheless, several recent studies have shown that it is possible to stabilize proteins by making charge reversal mutations on the surface that improve the electrostatic interactions even further (e.g. Grimsley et al. 1999) . Such stability increases are always less than predicted by using Coulomb's law and a dielectric constant of 80 to sum up the electrostatic interactions on the native state. This led us to conclude that the charge-charge interactions that stabilize the native states of proteins also contribute favourably to the denatured states so that the net contribution to protein stability is small . Thus, it is unlikely that charge-charge interactions will make contributions to the protein stability of greater than 10 kcal mol Ϫ1 at 25°C. At higher temperatures, the contribution might be considerably greater, and it appears that the proteins from thermophilic organisms often use this strategy to increase their stability (Elcock 1998; de Bakker et al. 1999; Xiao & Honig 1999; Pace 2000) .
When oppositely charged groups on the surface of a protein are within 5 Å , they are generally referred to as ion pairs or salt bridges. (Sometimes only ion pairs that are close enough to form hydrogen bonds are referred to as salt bridges.) Ion pairs on the surface of a protein generally contribute less than 1 kcal mol Ϫ1 to the stability (Marti & Bosshard 2003) . However, a buried salt bridge can contribute more than 4 kcal mol Ϫ1 to the stability (Anderson et al. 1990 ), but the number of buried salt bridges in any given protein is small so they do not make a large contribution to protein stability.
At pH 7, RNase Sa has seven positive charges and 13 negative charges so that the net charge is Ϫ6. If we use Coulomb's law with a dielectric constant of 80 and sum up the charge-charge interactions for native RNase Sa at . In the denatured state ensemble, the charges will, on average, probably be more favourably arranged so the repulsion will be less. Thus, electrostatic interactions probably do not make a large contribution to the stability of RNase Sa. In water, electrostatic interactions will generally make a smaller contribution to the stability than the hydrophobic effect and hydrogen bonding, but they can become a dominant force in a vacuum or a non-polar solvent.
(c) Hydrophobic interactions
In an influential review, Dill (1990) concluded:
More than 30 years after Kauzmann's insightful hypothesis, there is now strong accumulated evidence that hydrophobicity is the dominant force of protein folding…. There is evidence that hydrogen bonding or van der Waals interactions among polar amino acids may be important, but their magnitude remains poorly understood. (Dill 1990, p. 7151) Most biochemists still believe that hydrophobicity is the dominant force in protein folding, but we think it has become clear in the years since Dill's review that hydrogen bonding and van der Waals interaction of polar groups make a contribution to protein stability comparable to that from hydrophobicity. The evidence will be presented in § 5d. The review of Kauzmann (1959) presented convincing evidence that hydrophobic interactions make a major contribution to protein stability. Tanford (1962) went even further and concluded: '…the stability of the native conformation in water can be explained…entirely on the basis of the hydrophobic interactions of the non-polar parts of the molecule' (p. 4245).
On the basis of experimental studies of hydrophobic interactions in proteins, the burial of a ϪCH 2 -contributes ca. 1.2 kcal mol Ϫ1 or 49 cal mol Ϫ1 per Å 3 to the stability of a protein (Pace 2001) . For comparison, the ⌬G tr for transfer of a ϪCH 2 -from water to cyclohexane is ca. 1.0 kcal mol Ϫ1 or 39 cal mol Ϫ1 per Å 3 (Pace 1995) . These results suggest that ca. 80% of the hydrophobic effect is due to hydrophobicity and the other 20% is due to the tight packing of hydrophobic groups in the protein interior. Using a different approach, Chen & Stites (2001) concluded that 'Hydrophobicity has long been thought to be the major driving force for protein stability. Recently, close packing of the hydrophobic core to optimize van der Waals contacts and minimize cavities has been proposed to be of roughly equal importance energetically' (p. 442).
For RNase Sa, the contribution of the hydrophobic effect to the stability would be 88 kcal mol Ϫ1 if n-octanol is used as a model for the interior of a protein, 150 kcal mol Ϫ1 if cyclohexane is used as a model for the interior of the protein, and 160 kcal mol Ϫ1 if we use the best estimates based on experimental studies of proteins (Pace 1995) . Each of these estimates is likely to be too high since we estimate the extent of burial of the nonpolar groups based on a model of the unfolded state with an accessible surface area that is too high. However, these estimates show clearly that the hydrophobic effect does make a major contribution to protein stability. Mirsky & Pauling (1936) concluded: 'The importance of the hydrogen bond in protein structure can hardly be overemphasized' (p. 15 280). This view was strengthened in the early 1950s when the ␣-helix and ␤-sheet were proposed as major structural elements in proteins by Pauling et al. (1951) . Kauzmann's well-reasoned review (Kauzmann 1959 ) changed most biochemists' minds and the hydrophobic effect was viewed as the dominant force in protein folding. This is the view that prevails today.
The first good evidence that hydrogen bonds might contribute favourably to protein stability came from studies of the interaction of tRNA synthetase with its substrates (Fersht 1987) . They showed that hydrogen bonds generally contribute more than 1 kcal mol Ϫ1 per hydrogen bond to the energetics of substrate binding. Since that time, many other experimental studies have reached similar conclusions (Myers & Pace 1996) .
To gain a better understanding of the contribution of hydrogen bonding to protein stability, we have made mutants that add or remove side chains capable of forming hydrogen bonds and measure their stability to compare with the wild-type protein. The three mutations we will discuss here are Tyr → Phe, Thr → Val and Val → Thr Takano et al. 2003) . Table  6 gives some information characterizing these mutations. The differences in hydrophobicity and side-chain conformational entropy would both be expected to increase the stability of the Tyr → Phe and Thr → Val mutants. Consequently, if the contribution of hydrogen bonds to the stability were energetically neutral, we would expect the Tyr → Phe mutants to be ca. 1.6 kcal mol Ϫ1 and the Thr → Val mutants ca. 2.0 kcal mol Ϫ1 more stable than the wild-type protein.
In the Tyr → Phe mutants, an ϪOH group is removed from the protein. This could leave a small cavity in the protein, but should have little effect on the conformation of the protein (Matthews 1995) . We have studied 20 Tyr → Phe mutations in three different microbial RNases (Shirley et al. 1992; Pace et al. 2001 (2004) the hydrogen bonding and van der Waals interactions of the ϪOH group in a folded protein are more favourable than the interactions with water in the unfolded protein.
Even, when the ϪOH group is not hydrogen bonded, it makes a favourable contribution to the stability. This shows that the theoretical calculations that '…suggest that polar groups prefer to be fully solvated in water rather than hydrogen bonded in the interior of a protein…' (Honig 1999, p. 286) are wrong.
In the Thr → Val mutants, an ϪOH group is replaced by a ϪCH 3 group that is slightly larger so that the mutant might be destabilized by steric strain. Again, the mutants are less stable when the ϪOH group is replaced if it is hydrogen bonded, showing that the hydrogen-bonded ϪOH group is making a larger contribution to the stability than can be gained by burying a ϪCH 3 group. Even when the Thr ϪOH group is not hydrogen bonded, the buried ϪOH group makes a contribution to the stability equivalent to that of burying a ϪCH 3 group at the same site.
We also considered Val → Thr mutations. When the Val ϪCH 3 group is replaced by an ϪOH group, the average decrease in stability is 1.8 kcal mol Ϫ1 and it is unfavourable in 39 out of 40 mutants (Takano et al. 2003) . We expect a decrease in stability of ca. 2 kcal mol Ϫ1 for this substitution (table 6). This shows that replacing a buried ϪCH 3 group with an ϪOH group at a site designed for a ϪCH 3 group is almost always unfavourable.
These results show that the contribution of polar group burial to protein stability is strongly context dependent. Burying non-polar groups generally stabilizes the native state of proteins. Burying polar groups stabilizes the native state only when the site was designed to accommodate the polar group. Favourable van der Waals interactions and longer-range electrostatic interactions are just as important as hydrogen bonds in stabilizing buried polar groups.
We reached a similar conclusion using results from different mutants and a different approach (Pace 2001 ). On the basis of studies of Asn → Ala mutants, the gain in stability from burying amide groups that are hydrogen bonded to peptide groups is ca. 80 cal mol Ϫ1 per Å 3 . Similar studies of Leu → Ala mutants showed that the gain in stability from burying ϪCH 2 Ϫ groups is 50 cal mol Ϫ1 per Å 3 . Harpaz et al. (1994) analysed the completely buried residues in a sample of 108 proteins. The total volume of completely buried residues was 298 100 Å 3 . Of this, 118 200 Å 3 was occupied by non-polar side chains and 92 000 Å 3 was occupied by peptide groups. On this basis, the burial of non-polar side chains contributes 5800 kcal mol Ϫ1 to the stability and the burial of peptide groups contributes 7200 kcal mol Ϫ1 to the stability. This amounts to a contribution of 59 kcal mol Ϫ1 per protein from non-polar group burial and 74 kcal mol Ϫ1 per protein from peptide group burial. This is further support that polar group burial makes a favourable contribution to protein stability and it might even be greater than the contribution of non-polar group burial.
In summary, all mutational studies of proteins support the idea that hydrogen bonding and polar group burial make a favourable contribution to protein stability. This is supported by recent analyses (Guerois et al. 2002; Lomize et al. 2002) that are based on results from experimental studies of hundreds of mutants for which the stability was Ϫ0.9 ± 1.0 15 0.0 ± 0.5 a Fifty-two Tyr → Phe mutants . b Forty Thr → Val mutants (Takano et al. 2003) .
measured. Beginning with Brandts (1964) and continuing to the present (Cooper 2000; Loladze et al. 2002) , it has been clear that the results from studies of the thermodynamics of protein denaturation support the idea that hydrogen bonds and the van der Waals interactions of polar groups must make a large contribution to the enthalpy change for protein folding. In addition, results from a number of other experimental studies using a variety of different approaches also support this idea (Myers & Pace 1996) . Nevertheless, even now most biochemists still regard hydrophobic interactions as the dominant force in protein folding. One reason for this is that most theoretical studies of the contribution of hydrogen bonding to protein stability have come to a different conclusion from the experimental studies. We think the reason for this is that the theoretical studies are not properly estimating the contribution of dispersion forces to the contribution of polar group burial to protein stability.
PROTEINS IN A VACUUM, IN CYCLOHEXANE, AND IN ETHANOL
We will now use the ⌬G tr values given in table 2 to predict what would happen to a folded globular protein when it is transferred from water to ethanol, cyclohexane or a vacuum. In ethanol, the contribution of peptide group burial to protein stability would be enhanced and the contribution of non-polar group burial would be diminished. Since about equal amounts of the two types of groups are buried (table 1), the ⌬G tr values suggest that the protein would unfold in ethanol. This is what is generally observed, but the concentration of ethanol required to cause the protein to unfold varies among proteins (Tanaka et al. 2001) . After a protein is unfolded in ethanol, it is often observed to refold into rod-like structures with a high content of ␣-helices (Hirota-Nakaoka & Goto 1999). This is not surprising. By folding into ␣-helices, the protein is able to bury its peptide groups in the interior of the helix out of contact with the ethanol and leave its nonpolar side chains exposed to ethanol. Thus, ␣-helices are expected to be stable structures in ethanol. This is at least part of the reason that compounds such as trifluoroethanol are frequently used to increase ␣-helix formation in peptides and proteins (Luo & Baldwin 1997) .
In cyclohexane, the ⌬G tr values go in the same direction as in ethanol, but are much larger (table 2). The peptide groups will have favourable van der Waals interactions with the cyclohexane, but no hydrogen bonding will be possible so they would much prefer to be in water. The non-polar side chains have a strong preference for Phil. Trans. R. Soc. Lond. B (2004) cyclohexane over water. Thus, these data suggest that folded globular proteins will be very stable in cyclohexane. The model compound data do not take into account the much tighter packing of groups in folded proteins compared with the packing when the protein is unfolded. This will tend to make the folded conformation even more stable in cyclohexane.
Over the past 15 years there has been great interest in using enzymes to catalyse chemical reactions in non-polar solvents (Klibanov 2001) . Enzymes are not soluble in these solvents but form suspensions with the enzyme retaining some water molecules on the surface. For example, when subtilisin is crystallized from dioxane, it has 65 bound water molecules but has a conformation similar to the enzyme crystallized from water or acetonitrile (Schmitke et al. 1997) . The stability of RNase A has been studied in the anhydrous alkane nonane. Under conditions where T m = 61°C in water, T m = 124°C in nonane. This is an enormous increase in stability. Klibanov (2001) concluded: 'These and similar data indicate that enzymes are predictably extremely thermostable in anhydrous organic solvents owing to their conformational rigidity in the dehydrated state…' (p. 243). We think that increased rigidity in the native state would destabilize the enzyme because conformational entropy would now favour the denatured state to an even greater extent. Instead, we think the greater stability is due to the much greater gain in stability from the burial of peptide groups in the native protein when the protein is in a non-polar solvent rather than in water (table 2) . (See Klibanov (2001) for a consideration of the kinetic barrier to unfolding in organic solvents.)
In a vacuum, the ⌬G tr values for peptide groups are even more unfavourable than for cyclohexane and the ⌬G tr values for non-polar groups are less favourable than for cyclohexane (table 2). The peptide groups markedly prefer water because no hydrogen bonds or van der Waals interactions will be possible in a vacuum. The non-polar groups prefer a vacuum over water because of the unfavourable hydrophobic effect observed when non-polar groups are added to water. Thus, this analysis predicts that proteins will be much more stable in a vacuum than in cyclohexane, and in both cases much more stable than they are in water.
It was surprising to learn that proteins could remain folded in a vacuum (Wolynes 1995) . However, from the previous discussion, it should have been expected. In a vacuum, proteins remain folded until the net charge is large enough that unfavourable charge-charge interactions overcome the stabilizing interactions and cause the protein to unfold. Techniques have been developed to probe the conformation of proteins in a vacuum. On the basis of studies of cytochrome c using these approaches, Jarrold (1999) concluded: 'The ϩ3 to ϩ5 charge states have cross-sections that are slightly smaller than expected for the native conformation suggesting that the protein packs more tightly in the absence of the solvent ' (p. 362) . It is hard to imagine that proteins can pack much more tightly than they do in water (table 3) . It is also doubtful that they could adopt a new folded conformation that is more tightly packed than the native state present in water. However, there could be small conformational changes that would relieve some of the charge repulsion in the native state. After the protein unfolds, the cross-section appears to increase approximately linearly as the net charge increases ( Jarrold 1999) . We have to guess what conformation the protein will adopt. Several forces would be in operation. The protein would extend as much as possible to minimize unfavourable charge-charge interactions in the denatured state. However, if it could 'self solvate' to reduce the net charge the protein might do so. Molecular dynamics studies suggest that the protein does this by forming hydrogen bonds between the carbonyl oxygens and the charged groups in the side chains ( Jarrold 1999; Arteca et al. 2001) . There would also be a strong driving force to form an ␣-helix that would be stabilized by strong hydrogen bonds. However, this would not allow 'self solvation' and would generally bring the charges closer together. We will have to develop even more sophisticated mass spectroscopic techniques to gain a good understanding of the denatured state of proteins in a vacuum.
Nanoelectrospray mass spectrometry can be used to estimate the stability of a protein in solution (Benesch et al. 2003 ), but to date there have been no estimates of the stability of a protein in a vacuum. Our guess is that protein stability will be increased more than 10-fold, perhaps to greater than 100 kcal mol Ϫ1 . It will be interesting to see if we can develop techniques to measure this.
IS LIFE POSSIBLE WITHOUT WATER?
The most difficult tasks in living cells are performed by globular proteins in their native states. In a polar solvent such as ethanol, the native state will be unfolded and refolded into ␣-helices so proteins will lose their biological function. Perhaps this could be avoided if the backbone were less polar. Functional proteins have been constructed in which the backbone is formed by ester bonds instead of amide bonds. These proteins might be more stable in a polar solvent. In a non-polar solvent such as cyclohexane, protein native states will be very stable and perhaps able to perform their biological function. However, both proteins and most substrates will have such low solubility in a non-polar solvent that it is difficult to imagine life as we know it. Perhaps the solubility could be improved if the side chains on the surface of the native protein were all non-polar. Even if this were possible, we would still have to change the solubility of most of the substrates. Evolution has had a long time to develop the living cells we are familiar with. Given time, evolution might be able to come up with a different system in a different solvent that we might call living, but it is hard to imagine what it would be. so-called hydrophobic hydration which in turn gives rise to the compact folded structures? Once this ability has been removed, water behaves just like any other polar solvent, and the protein behaves almost like any other polyelectrolyte, with no driving force for specific folding. Is this not borne out by the observation that, for stable folded states to exist, the peptide chain requires an apolar residue content of ca. 50% and that these residues tend to be those most completely conserved, e.g. the globins, and are identical in structures if not in functions for all species? C. N. Pace. I agree with your assessment of hydrophobic groups and denaturants, but I will put it a different way. The hydrophobic parts of a protein are more soluble in the presence of the denaturant than they are in water and in part this is why proteins unfold when a denaturant is added. However, it turns out that all of the constituent groups of a protein, charged, polar and non-polar, are more soluble in the presence of denaturant than in water so they all contribute to the unfolding by denaturants. So, in water, the hydrophobic effect contributes to protein stability, but we think the burial of the peptide groups may be equally important. In a vacuum or an organic solvent, we think it is the hydrophilic effect, i.e. the burial of peptide groups that makes the major contribution to protein stability.
Discussion
F. Franks. Can you explain the observation that biopolymers in which hydrophobia cannot play a role, e.g. many polysaccharides, also form stable ordered structures in aqueous solution, and that these structures can be destabilized by changes in the aqueous solvent medium? C. N. Pace. My guess would be that the intramolecular hydrogen bonds and van der Waals interactions formed by groups in the biopolymer are stronger than the intermolecular interactions that the same groups would form with water when the structure is disrupted. Changes in the aqueous solvent medium could then shift the equilibrium in either direction.
F. Franks. In any discussion of protein 'in vacuum', one can ask: how are such proteins synthesized in the absence of water, because once they have been synthesized, they cannot be completely dehydrated without losing their native structures? As has been repeatedly mentioned in this meeting, some water molecules are always integral to the polypeptide and are required to turn it into a 'protein'. C. N. Pace. I used to have a similar view: some bound molecules of water cannot be removed no matter how long you freeze-dry a protein, and bad things happen to some proteins, e.g. barnase, when they are freeze-dried. However, the people doing mass spectroscopy on proteins should know with certainty if a water molecule is bound to their proteins, and, in some cases, none is bound, yet the protein is thought to be folded. This idea is still controversial. See the article by Jarrold (1999) for a discussion of the hydration of proteins in a vacuum.
K. Wilson (Department of Chemistry, University of York, York, UK). All weak forces must be simultaneously studied in a protein fold. C. N. Pace. I think Professor Wilson is referring to this possible problem: the various forces are large, over 100 kcal mol Ϫ1 , so how can you learn about the small contributions of less than 2 kcal mol Ϫ1 observed for most mutations? The thinking is that when an ϪOH group is removed, for example, it is possible that a ripple effect
